Abstract Soft tissue sarcomas are malignant neoplasms derived from mesenchymal tissues. Their pathogenesis is poorly understood and there are few effective treatment options for advanced disease. In the past decade, gene expression profiling has been applied to sarcomas to facilitate understanding of sarcoma pathogenesis and to identify diagnostic, prognostic, and predictive markers. In this paper, we review this body of work and discuss how gene expression profiling has led to advancements in the understanding of sarcoma pathobiology, the identification of clinically useful biomarkers, and the refinement of sarcoma classification schemes. Lastly, we conclude with a discussion of strategies to further optimize the translation of gene expression data into a greater understanding of sarcoma pathogenesis and improved clinical outcomes for sarcoma patients.
Introduction
Sarcomas are malignant neoplasms derived from mesenchymal tissues. They represent approximately 1% of malignancies diagnosed annually. Sarcomas are currently diagnosed based on histopathological evaluation supplemented with the use of immunohistochemistry and molecular diagnostic techniques in selected cases [1] . There are~100 recognized histopathological subtypes of soft tissue tumors [2] . The rarity of these tumors and the large number of diagnostic entities make sarcomas a challenging area of investigation.
Currently, treatment for sarcomas consists of surgery with consideration for chemotherapy and radiotherapy. The growing importance of comprehensive treatment regimens involving neoadjuvant chemotherapy [3] and preoperative radiotherapy [4] emphasizes the importance of pathological analysis of preoperative biopsy material. The strongest predictor of patient outcome is stage at time of diagnosis. Treatment options are limited and few effective adjuvant therapies exist for advanced disease. Due to the poor prognosis and limited effective therapeutic options available for most sarcomas, there is a major clinical need for increased understanding of sarcoma pathogenesis to facilitate the development of new diagnostic markers and therapeutic agents [5, 6] .
Gene expression microarray technology was developed in the mid-1990s to permit genome-wide monitoring of gene expression [7] [8] [9] . The principal types of array platforms used for gene expression monitoring involve the robotic deposition of DNA fragments onto a glass slide [7] or the in situ synthesis of oligonucleotides on high-density arrays using photolithography [10] . Each of these technologies is able to produce genome-wide measurements of expression to produce a "snap shot" of a tumor's gene expression at a specific point in time.
Standard molecular biology techniques (Southern blotting, Northern blotting, Western blotting, polymerase chain reaction, sequencing) and ancillary molecular techniques routinely utilized by pathologists (immunohistochemistry, fluorescence in situ hybridization), typically measure one biomarker at a time, and consequently relatively little statistical analysis is required to interpret the result. In contrast, a gene expression profiling experiment measures the expression of thousands (10,000-500,000) of transcripts in parallel. The enormous amount of quantitative data produced by a single sample measured on a gene expression microarray requires the application of statistical procedures to standardize the data and determine the significance of the observed findings [11] . In recent years, the statistical community has adopted recommendations for biomedical researchers working with these technologies [11, 12] . These recommendations hope to facilitate standardization of the primary steps of microarray data analysis (design, preprocessing, inference, classification, and validation). Following application of statistical procedures to the dataset, it is useful to apply additional analytic tools to integrate the findings with databases containing biomedical annotation to facilitate translation of the microarray data into biologically and clinically useful knowledge [13] [14] [15] [16] .
It is hoped that application of this technology to sarcomas will afford a greater understanding of their biology and facilitate the development of more effective diagnostic and treatment regimens to improve outcomes for sarcoma patients. The primary goals of gene expression profiling in sarcomas are to: (1) gain a deeper understanding of the aberrant biological pathways contributing to sarcomagenesis, (2) refine the classificatory scheme for sarcomas to better reflect the underlying biology of the tumors, and (3) identify markers to predict diagnosis, patient outcome, and response to therapy (Fig. 1) [17] . In the following sections, we review studies utilizing gene expression profiling in soft tissue sarcoma.
Synovial sarcoma
Synovial sarcomas compose 5-10% of all soft tissue sarcomas. They are aggressive sarcomas and distant metastasis is the major cause of mortality [18] . The tumors are defined molecularly by a specific t(X;18)(p11.2;q11.2) translocation which fuses SS18 (SYT) on chromosome 18 with either SSX1, SSX2, or SSX4 on the X chromosome [19, 20] . The aberrant pathways induced by this translocation are incompletely understood [21] . Due in part to limited understanding of synovial sarcoma pathogenesis, clinical management consists primarily of surgery and radiotherapy and no effective targeted therapies are currently available [18] .
Gene expression profiling has been performed to better characterize the tumor's pathogenesis. In most profiling studies, synovial sarcomas showed a distinct pattern of gene expression and clustered together (Fig. 2) [22] [23] [24] [25] [26] [27] . In several other reports, some synovial sarcomas showed a similar pattern of gene expression to malignant peripheral nerve sheath tumor, resulting in a subset of synovial sarcomas clustering with malignant peripheral nerve sheath tumors (MPNSTs) [28, 29] . Taken together, these studies support that synovial sarcoma represents a relatively homogenous sarcoma subtype, whose gene expression profile shows the most similarity to malignant peripheral nerve sheath tumor.
Several groups have published lists of genes highly expressed in synovial sarcoma. Francis et al. [27] examined 32 synovial sarcomas in a study that included 177 sarcomas spanning 13 histological subtypes. Of these 13 subtypes, they found that synovial sarcoma showed the most distinct gene expression signature. They identified 4,000 genes differentially expressed in synovial sarcoma (false discovery rate=11%), including the SS chromosome X breakpoint genes SSX1 and SSX3 and genes involved in: neural differentiation (FNA1, NCAM1, NEDD5, NPDC1, and OLFM1), the retinoic acid pathway (RARA, RARG, MDK, MEIS1, and PRAME), and the epidermal growth factor (EGF) and fibroblast growth factor (FGF) receptor signaling pathways (ERBB2, FGFR1, FGFR3, FGF18, and FRAG1). Nielsen et al. [22] performed gene expression profiling on eight monophasic synovial sarcomas in a study that contained a total of 41 soft tissue tumors spanning six histologic subtypes. They identified a cluster of genes (including SSX, retinoic acid pathway genes, and epidermal growth factor receptor (EGFR)) which showed high levels of expression in synovial sarcoma. Nielsen et al. subsequently validated these gene microarray findings on a tissue microarray and showed that most synovial sarcomas showed protein expression of EGFR and SALL2 [30] . This group subsequently showed that the marker TLE1, which was identified through gene expression profiling experiments, was an effective diagnostic immunohistochemical marker for synovial sarcoma [31] . Allander et al. performed gene expression profiling on 14 synovial sarcomas, four malignant fibrous histiocytomas, and one fibrosarcoma and found that synovial sarcomas showed increased expression of ERBB2 and IGFBP2 and IGF2 [26] . They validated and extended this finding by performing immunohistochemistry on a tissue microarray containing 37 synovial sarcomas. In this analysis, they noted that strong protein expression of ERBB2 and IGFBP2 localized to the glandular epithelial component of biphasic synovial sarcomas and to the solid epithelioid areas of some monophasic synovial sarcomas, suggesting that these proteins are involved in epithelial differentiation in synovial sarcoma [26] . Nagayama et al. [28] performed gene expression profiling on a total of 47 sarcomas spanning six histologic subtypes and including 13 synovial sarcomas. They found that MPNST and SS clustered together and identified genes involved in neural differentiation shared by the two tumor types (including EPHA4, EFNB3). Interestingly, it has recently been shown that SS18-SSX2 exerts part of its oncogenic effect by altering cytoskeletal architecture in an Eph-dependent manner [32] . YF Lee et al. performed gene expression profiling on nine synovial sarcomas, nine leiomyosarcomas, and nine pleomorphic sarcomas (malignant fibrous histiocytoma (MFH)) and identified 44 genes with significantly higher expression in synovial sarcoma [33] . This gene list includes genes involved in embryonic development (FGF9), transcriptional regulation (SSX4, NCOA3), cell signaling (EFNB1, IGF2), and cellular adhesion (CDH1, ICAM1) [33] . Fernebro et al. [34] identified a gene expression signature that discriminated between cases with the variant SS18-SSX1 translocation as compared with SS18-SSX2. These data may provide insight into the potential association of the SS18-SSX1 variant with poorer prognosis, which has been suggested in several papers [20, 35] , but not confirmed in subsequent studies [36, 37] . Taken together, the most consistent findings from these analyses are that overexpression of ERBB2, neural markers, and genes involved in retinoic acid and EGF and FGF signaling is seen in synovial sarcoma.
Based on the study by Nielsen et al. [22] that showed high levels of expression of EGFR (Her-1) in synovial Fig. 1 Schematic overview of the use of gene expression profiling for the investigation of sarcoma pathogenesis and the identification of diagnostic, prognostic, and predictive biomarkers. Following collection of biological samples for analysis, gene expression microarray experiments begin with the hybridization of cDNA or cRNA to a microarray chip, producing tens of thousands of gene expression measurements per sample. Following data collection, the most commonly used data analysis techniques are: unsupervised two-way clustering of samples and genes to discover novel biologic pathways observed in sarcoma subtypes and to discover new relationships within and between sarcoma subtypes. Supervised analyses complement the unsupervised approaches and are used to identify gene expression signatures and biomarkers to predict particular clinical phenotypes, such as: diagnostic subtype, prognosis, and response to treatment. Due to the complexity of microarray data and the large gene lists typically produced by both unsupervised and supervised analyses, it is useful to integrate the data with repositories of biomedical annotation information to optimize the translation of the findings into biomedically useful knowledge. A final step of independent validation (ideally on an independent platform with independent samples) is essential to ensure the validity and reproducibility of the findings Fig. 2 Unsupervised hierarchical clustering of five sarcoma gene expression datasets. The cases are arranged along the columns and the genes along the rows. Within the heat map, red indicates relatively increased expression, black median expression, and green decreased expression. The color bar underlying the dendrogram indicates the diagnostic subtype of each case as indicated in the legend, which uses the following abbreviations: clear cell sarcoma (CCS), dermatofibrosarcoma protuberans (DFSP), desmoid-type fibromatosis (DTF), Ewing's sarcoma (EWS), fibrosarcoma (FS), gastrointestinal stromal tumor (GIST), leiomyoma (LM), leiomyosarcoma (LMS), liposarcoma (LPS), malignant fibrous histiocytoma/pleomorphic sarcoma (MFH), malignant peripheral nerve sheath tumor (MPNST), neurofibroma (NF), pigmented villonodular synovitis (PVNS), schwannoma (SCH), rhabdomyosarcoma (RMS), and synovial sarcoma (SS). The clustering pattern suggests that one subset of sarcomas (including GIST, SS, EWS) shows relatively homogenous gene expression patterns and a second subset of sarcomas (including LMS, LPS, and MFH) shows more heterogeneous patterns of gene expression. The gene expression data presented in this figure were downloaded from the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), Stanford Microarray Database (http://genome-www5.stanford.edu/), ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/), and supplemental materials accompanying the paper by Segal et al. [25] . Prior to clustering, the genes were mean-centered. Clustering was performed with average linkage and correlation (uncentered) as the distance metric using Cluster 3.0 software (http://bonsai.ims.u-tokyo.ac.jp/ mdehoon/software/cluster/software.htm#ctv) sarcoma, Ray-Coquard et al. [38] performed a phase II trial of gefitinib (an EGFR tyrosine kinase inhibitor) for the treatment of patients with synovial sarcomas expressing EGFR by immunohistochemistry that were refractory to standard chemotherapy regimens. In this trial, gefitinib failed to show significant therapeutic efficacy to warrant further evaluation in this setting. These negative results highlight the difficulty of translating findings from gene expression profiling into the oncology clinic and suggest the importance of considering other biologically important features (such as phosphorylation) in addition to messenger RNA and protein expression levels. While most gene expression studies have focused on genes highly expressed in synovial sarcoma, Lubniecka et al. noted that a significant number of genes are downregulated by the SS18-SSX fusion [39] . They investigated EGR1, which is a gene that shows low expression levels in synovial sarcoma, and showed that EGR1 expression is significantly inhibited by the SS18-SSX fusion. They then demonstrated that EGR1's expression can be reactivated in a synovial sarcoma cell model following treatment with the histone deacetylase inhibitor romidepsin, suggesting a potential mechanistic rationale for the use of histone deacetylase inhibitors in the treatment of synovial sarcoma [39] . There is a major clinical need for new targeted therapies for synovial sarcoma [18] , and additional functional work will need to be performed using techniques such as animal modeling [21] to further delineate the pathways mediated by the by the SS18:SSX fusion and to identify effective targeted therapeutic agents.
Leiomyosarcoma
Leiomyosarcomas are malignant tumors of smooth muscle, which most frequently occur in the retroperitoneum or uterus and may also arise in large blood vessels and extremities [2] . The pathogenesis of leiomyosarcoma is not well understood. Retroperitoneal site and larger size predict poorer prognosis, and local recurrence and metastasis are common in leiomyosarcoma. Clinical management typically consists of surgery, radiation, and chemotherapy. There are currently no effective targeted therapies available for leiomyosarcoma.
Gene expression studies to date have shown inconsistent results regarding the variability within leiomyosarcoma. Most experiments have found that leiomyosarcomas show diverse patterns of gene expression, with a relatively homogenous subset of leiomyosarcomas clustering together while one or multiple separate groups of leiomyosarcoma cluster with pleomorphic sarcoma (MFH) [22, 27, 33] . In contrast, to these studies, Baird et al. found relatively homogenous patterns of gene expression among 17 LMS with all cases clustering together [24] .
Several groups have identified lists of genes that show high expression in leiomyosarcomas, many of which are known to be involved in smooth muscle differentiation (for example: CALD1, MYL4, SLMAP) [22, 27] . Our laboratory has found that elevated expression of these muscle-associated genes is seen in a distinct subset of leiomyosarcoma; however, two other distinct subsets of leiomyosarcoma exist, which each show increased expression of distinct gene sets. Taken together, these findings suggest that in contradistinction to relatively homogenous sarcoma subtypes (such as synovial sarcoma and gastrointestinal stromal tumor), a significant amount of variability exists within leiomyosarcoma. It may well be that subsets of this entity can be found in which subsets of cases have dysregulation of specific pathways that could then be targeted for therapy. Much more work needs to be done to define these subgroups and identify gene targets.
Several studies have used microarrays to identify prognostic markers in leiomyosarcoma. YF Lee et al. performed a supervised analysis and identified a list of 335 genes significantly differentially expressed between 20 primary tumors and seven metastatic tumors [40] . They then clustered a set of 30 nonmetastatic tumors with this gene set and showed that the clustering classification strongly predicted the presence of concurrent metastasis and correlated with time to metastasis. Most of the genes from the metastasis signature showed increased expression in the cluster of cases with poorer prognosis and encoded proteins involved in cell cycle, signal transduction, and apoptosis. Future studies will need to be performed to assess whether this gene expression signature predicts metastatic outcome on an independent dataset.
In a recent study, CH Lee et al. performed gene microarray analysis on a series of leiomyosarcomas and identified highly variable expression levels of macrophageassociated genes within leiomyosarcoma [41] . This finding prompted the investigators to evaluate the protein expression of macrophage markers (CD163 and CD68) on a leiomyosarcoma tissue microarray with clinical follow-up data. This analysis revealed that increased macrophages within leiomyosarcoma are associated with poor outcome in nongynecological leiomyosarcoma. Further research will be needed to validate the prognostic findings in leiomyosarcoma. In addition, further data mining of the leiomyosarcoma datasets is necessary to further identify aberrant molecular pathways to permit the development of targeted therapies for leiomyosarcoma patients.
Liposarcoma
Liposarcomas represent~20% of soft tissue sarcomas and are the single most prevalent subtype of soft tissue sarcoma [2] . There are three principle histologic subtypes of liposarcoma (well differentiated/dedifferentiated, myxoid/ round cell, and pleomorphic), which show distinct morphologic features and cytogenetic aberrations [42] . Several studies have performed gene expression profiling to assess the relationship between liposarcoma subsets, to provide insight into their pathogenesis, and to identify diagnostic and therapeutic markers.
Most studies have shown that myxoid/round cell liposarcoma, well-differentiated/dedifferentiated, and pleomorphic liposarcoma show distinct patterns of gene expression [24, 27, 29] . Singer et al. performed gene expression profiling to create a 142-gene classifier that distinguished between liposarcoma subtypes, lipoma, and normal fat on a training set of 80 samples and an independent test set of 49 samples [43] . They found that cell cycle and checkpoint pathways tended to be activated in well-differentiated/dedifferentiated liposarcoma and that Nutlin-3a, an antagonist of MDM2, preferentially induces apoptosis and growth arrest in dedifferentiated liposarcoma cells compared with normal adipocytes [43] . Other groups had previously shown that MDM2 and CDK4 are frequently amplified in atypical lipomatous tumor/well-differentiated liposarcoma and dedifferentiated liposarcoma [44] . To further characterize biological relationships between adipogenic tumors, Matushansky et al. created a developmental model of lipogenic sarcomagenesis by first defining gene expression profiles of stages of differentiation during in vitro differentiation of human mesenchymal stem cells into adipose tissues. They then created a differentiation-based classifier to correlate each of the major liposarcoma subtypes (dedifferentiated, well differentiated, round cell, and pleomorphic) to one of the stages of differentiation [45] . This novel approach provides additional insight into the relationship between liposarcoma subtypes. Taken together, these findings show that the liposarcoma subtypes show distinct gene expression profiles, which may be characteristic of particular stages of mesenchymal stem cell differentiation along an adipogenic path.
Despite the fact that liposarcoma is the most common single sarcoma subtype, few gene expression studies have been performed to identify prognostic or predictive markers for this entity, making this an important area for future investigation.
Pleomorphic sarcoma/MFH
Pleomorphic sarcoma, previously known as MFH, remains one of the most frequently diagnosed sarcoma types, despite the fact that leading sarcoma experts question the validity and usefulness of this diagnostic category [46] . The diagnostic term was first proposed in the mid-1960s when it was thought that cultured fibroblasts adopted phagocytic qualities resembling histiocytes [47] . The diagnostic category was seriously called into question following a careful analysis of 159 lesions identified by morphology as MFH. This analysis revealed that most cases could be recategorized as specific types of pleomorphic sarcoma and only 13% were morphologically compatible with the MFH category [48] . In a subsequent study, Fletcher et al. [49] implemented a combination of morphological, immunohistochemical, and ultrastructural criteria and showed that myogenic differentiation was associated with worse prognosis in cases that had previously been diagnosed as MFH. In the most recent World Health Organization (WHO) classification system, the term pleomorphic MFH has been replaced with undifferentiated pleomorphic sarcoma [2] . This is thought to be a rare entity that accounts for no more than 5% of soft tissue sarcomas [50] .
Motivated in part by uncertainty concerning the biological basis for this diagnostic category, several gene expression studies have been performed to characterize patterns of gene expression in pleomorphic sarcoma/MFH. Unsupervised hierarchical clustering analyses have suggested that pleomorphic sarcoma/MFH may not represent a distinct biological entity but may instead represent a heterogeneous collection of high-grade sarcomas that shares patterns of gene expression with other high-grade karyotypically complex sarcomas [22] [23] [24] [25] [26] [27] .
While there is evidence for great heterogeneity in this group of tumors, they appear to have shared characteristics as well as evidenced by the work of Matushansky et al. [51] . To evaluate the pathogenesis and patterns of gene expression in pleomorphic sarcoma/MFH, Matushansky et al. [51] first defined a stem cell gene signature and showed that the stem cell signature was highly and specifically expressed by pleomorphic sarcoma/MFH. Using functional studies, they showed that expression of DKK1, which is known to be involved in embryonic development through inhibition of the WNT signaling pathway, inhibits mesenchymal stem cell differentiation via the Wnt2/β-catenin pathway and that mesenchymal stem cells can be transformed via inhibition of WNT signaling to form pleomorphic sarcoma-like tumors in nude mice. These findings suggest a particular cell of origin for pleomorphic sarcoma/ MFH and suggest that alteration of WNT signaling pathway may provide a potential therapeutic strategy.
Taken together, most gene expression studies on pleomorphic sarcoma/MFH fail to show significant homogeneity within the tumor types; however, the novel technique employed by Matushansky et al. provides interesting insight into the pathogenesis of pleomorphic sarcoma/ MFH. Future work will need to be undertaken to evaluate this hypothesis and to identify new therapeutic targets in this malignancy.
GIST
Gastrointestinal stromal tumors (GIST) are mesenchymal neoplasms that arise in the wall of the gastrointestinal tract and that compose approximately 1-3% of gastrointestinal neoplasms [52] . The majority of GISTs show activation of the KIT or PDGFRa receptor tyrosine kinase proteins, and imatinib, a tyrosine kinase inhibitory with activity against GIST, shows therapeutic efficacy in these tumors [53] . Heinrich and colleagues [54] have shown that specific mutations in KIT or PDGFRa correlate with biologic features of the tumor and predict response to therapy. In contrast, the protein expression of CD34, KIT (CD117), α-smooth muscle actin, and desmin has shown no association with survival in GIST patients treated with imatinib [55] .
Several large sarcoma gene expression studies included significant numbers of GIST, and these studies all show that GISTs have a distinct and homogenous gene expression pattern and tend to all group together in unsupervised hierarchical clustering [22, 24, 27, 29] . Subramanian et al. [56] performed gene expression profiling on 26 GISTs with known KIT and PDGFRa status and identified gene expression profiles characteristic of different mutation types. A small percentage of GISTs do not show expression of KIT (CD117) by immunohistochemistry, and these tumors represent a diagnostic challenge. West et al. [57] identified DOG1 as a promising marker for CD117-negative GIST. This study was recently validated using a novel monoclonal antibody against DOG1 [58] . Yang et al. [59] recently showed that DOG1 (TMEM16A) is a calcium-activated chloride channel. Both DOG1 and KIT are expressed at high levels in cells of Cajal in the myenteric plexus from which GIST originates. Price et al. [60] performed gene expression profiling on a large collection of GISTs and leiomyosarcoma and created a two-gene classifier that was highly discriminant between the two diagnoses. Taken together, these studies show that GISTs show relatively homogenous patterns of gene expression with relatively little variability within this diagnostic category.
Small round blue cell tumors
Small round blue cell tumors encompass several diagnostic categories, including: primitive neuroectodermal tumor (PNET/Ewing's), rhabdomyosarcoma, neuroblastoma, and desmoplastic small round cell tumor. In an early and widely cited gene expression profiling experiment, Khan et al. used gene expression profiling and artificial neural networks to create a highly accurate gene-expressionbased classifier to differentiate between neuroblastoma, rhabdomyosarcoma, non-Hodgkin lymphoma, and the Ewing family of tumors [61] . Gene expression studies have been performed to predict poor prognosis in the Ewing family of tumors [62, 63] . Ferreira et al. performed gene expression profiling to identify distinct genomic instability patterns associated with DNA repair and cell cycle checkpoint pathways in Ewing's sarcoma [64] . Multiple studies have looked at the oncogenic profile of the EWS-FLI1 fusion. In a recent meta-analysis, Hancock et al. identified a core EWS-FLI1 signature that supports the hypothesis that these tumors are derived from mesenchymal stem cells [65] .
Most alveolar rhabdomyosarcomas are characterized by the t(2;13) translocation, which results in the generation of the PAX3-FKHR oncogenic fusion protein. Several gene expression studies have been performed to identify a PAX-FKHR gene expression signature [66] [67] [68] [69] . Ren et al. showed that rhabdomyosarcomas may originate from mesenchymal stem cells, and the PAX3-FKHR fusion product induces skeletal muscle differentiation [70] . Several gene expression studies have been performed to identify predictive [71] and prognostic markers in rhabdomyosarcoma [66] .
Low-grade fibroblastic tumors
The diagnostic category of low-grade fibroblastic tumors includes a large number of diagnostic entities, which are comprised of tumors characterized by a proliferation of spindle cells with fibroblastic features. Gene expression profiling has been performed on several low-grade fibroblastic tumor subsets to better define their pathogenesis, to identify prognostic markers, and to discover novel patterns of fibroblastic gene expression that may provide insight into stromal reaction patterns in the carcinoma microenvironment.
Dermatofibrosarcoma protuberans (DFSP) is an aggressive spindle cell neoplasm that frequently involves subcutaneous soft tissues. The tumor is associated with the t (17:22) chromosomal translocation, which fuses the COL1A1 and PDGFb genes. DFSP have been shown to have a characteristic gene expression signature [72] . Gene expression profiling of DFSP led to the identification of APOD as an immunohistochemical marker expressed at high levels in DFSP, which may prove to be clinically useful as a diagnostic marker for differentiating DFSP from fibrous histiocytoma [73] .
Desmoid-type fibromatosis (DTF) is a fibroblastic neoplasm that arises in the deep soft tissues and show infiltrative local growth with frequent recurrence, although they do not metastasize. DTFs can occur in association with familial cancer syndromes, such as familial adenomatous polyposis and familial infiltrative fibromatosis, both of which result from germ line mutations in the APC gene. Beta-catenin dysregulation is a common finding in sporadic fibromatosis, and specific mutations in the beta-catenin gene (CTNNB1) predict recurrence risk [74] . DTF have been shown to have a distinct gene expression profile, characterized by high levels of expression of genes involved in extracellular matrix structure and function, including collagens, collagen binding, cell-cell adhesion, and cell-surface receptor-linked signal transduction regulation [75] [76] [77] . Gene signatures have been identified that differentiate DTF from nodular fasciitis [77] as well as solitary fibrous tumor [76] . West and colleagues have utilized DTF's gene expression signature to provide insight into a stromal reaction pattern consistently observed iñ 25% of breast carcinomas and which correlates with improved prognosis [75, 76] . Currently, no effective therapies exist to prevent recurrence in desmoid-type fibromatosis, although imatinib has recently been shown to be an active agent in the treatment of some advanced fibromatosis [78] . Increased molecular understanding of this neoplasm is essential to permit the further development of more efficacious therapies [79] .
Low-grade "fibrohistiocytic" tumors
Pigmented villonodular synovitis (PVNS) and tenosynovial giant cell tumor (TGCT) are related tumors, which are characterized by a proliferation of synovial-like mononuclear cells interspersed with multinucleate giant cells and inflammatory cells [2] . These tumors are classified as benign "fibrohistiocytic tumors" in the WHO classification of soft tissue tumors [2] . West et al. [80] evaluated the expression of a series of type III receptor tyrosine kinases on a large soft tissue tumor tissue microarray and identified increased expression of colony stimulating factor 1 (CSF1) and its receptor (CSF1R) in PVNS/TGCT. This finding led the investigators to identify a translocation that fuses CSF1 on 1p13 to COL6A3 on 2q35, resulting in the overexpression of CSF1 in a minority of tumor cells and the recruitment of CSF1R-expressing macrophages that compose the majority of the tumor mass in PVNS/TGCT [80] . The identification of the important role of the CSF1-CSF1R pathway in the pathogenesis of PVNS/TGCT suggests that inhibition of this pathway through the use of small-molecule inhibitors (such as SU11248) [81] could be effective for management of aggressive/recurrent PVNS/ TGCT. It has recently been shown that the CSF1 response signature observed in PVNS/TGCT is seen in a subset (~25%) of breast carcinomas and is associated with higher grade, decreased hormone receptor expression, and increased TP53 mutations [82] .
Future directions
Over the past decade, many sarcoma types have been profiled with gene microarrays. However, we are still in the early stages of translating these data into deeper understanding of sarcomagenesis to facilitate the identification of predictive diagnostic markers and effective therapeutic regimens.
A first step towards this goal is increased utilization of the great wealth of sarcoma gene expression data that have been placed in public repositories, such as Gene Expression Omnibus [83] and Array Express [84] . A gene expression meta-analysis utilizing these datasets in conjunction with novel bioinformatics analytic techniques [15, [85] [86] [87] [88] [89] [90] [91] may prove useful for more fully understanding the aberrant biological pathways contributing to sarcomagenesis and for identifying and designing effective drugs to treat these conditions. Several investigators have utilized large-scale meta-analyses to identify common core biological pathways that are seen across diverse cancer types [13, 14, 92, 93] . This technique has not yet been applied systematically to sarcomas. Several studies have utilized gene expression profiles to guide chemotherapy, [16, 94, 95] and increased utilization of bioinformatics tools and publically available datasets may permit the development of clinical studies to assess the efficacy of gene expression profiling to guide chemotherapy in sarcoma.
A second step towards increased utilization of sarcoma gene microarray data is to encourage integration of these data with other sources of biomedical information measured with emerging molecular biology techniques, such as ultrahigh-throughput sequencing, array comparative genomic hybridization, and micro-RNA profiling [96] . It is hoped that the integration of these technologies with clinical and functional data will facilitate a deeper understanding of sarcoma biology and the development of diagnostic and therapeutic tools to improve the survival of sarcoma patients.
The final step towards translating these data into clinical practice will be developing techniques for measuring the most useful biomarkers using tools widely available in diagnostic pathology laboratories. A promising approach to achieving this goal is by analyzing data produced by massively parallel high-throughput genome-wide technologies (such as microarrays) to identify sparse sets of potentially clinically useful biomarkers, which can then be tested on large numbers of patient samples using tissue microarrays [97] . The ultimate goal is to allow measurement of a set of validated prognostic and predictive markers in routine clinical practice with tools available in diagnostic pathology laboratories, such as immunohistochemistry, fluorescent in situ hybridization, and polymerase-chain-reaction-based DNA/RNA analyses.
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